The response of 'Kardinal' rose plants to temperature was measured to develop a model for predicting rose flower size for a range of greenhouse conditions. The number of days from bud break (BB) to flowering increased from 21.6 to 63.0 days as temperature decreased from 30 to 15°C. The number of days to flower was primarily influenced by the temperature after the visible bud (VB). This suggests that the temperature before VB may not significantly affect the rate of flower development. Leaf area, stem length and stem diameter generally increased with decreasing temperature, but the best quality of stems was observed at 18°C. Flower dry weight, however, increased from 0.7 to 3.0 g as temperature decreased from 30 to 15°C. When plants were moved to lower temperature at VB stage, flower dry weight increased. Temperature has it's most pronounce influence on flower development during the period between VB and flowering so that during commercial greenhouse rose production any reduction in temperature during that period can result in increasing the size of rose flower buds.
Introduction
Flower size and stem length are two important factors that dictate the value of cut-flower roses. Optimization of rose cut-flower production requires the ability to predict the response of plants to various environmental conditions, particularly air temperature. Crop simulation models can be used to quantify crop growth by simulating the effect of temperature at various regimes (Lieth and Pasian, 1991) .
Temperature and light have been found to be the primary factors of rose crop growth and development. Light intensity affects mainly the photosynthetic rate (Pasian and Lieth, 1989) , while temperature affects both photosynthesis of leaves and development of shoots (Lieth and Pasian, 1990; Moe, 1972; Zieslin et al., 1987) . Moe and Kristoffersen (1969) found that at high temperature the number of days from cut-back to flowering was shorter and smaller flowers were observed as a result of fewer and smaller petals. Mor and Halevy (1979) found that at the early stage of shoot development young leaves were strong sinks and retained most of their own photosynthates, then became source leaves after the visible bud stage. Jiao and Grodzinski (1998) reported that carbohydrate export rate of expanded leaves on the flowering shoot was reduced by 80% under high temperature (40°C) and suggested that temperature influences export and partitioning of assimilates. The export rate of carbohydrate depends on the maturation of leaf and shoot (Jiao et al., 1989) . Khayat and Zieslin (1986) reported that low temperature promoted the translocation of labeled carbon toward the basal plant parts. Low temperature affects dark respiration so that carbohydrate consumption is inhibited (Khayat et al., 1988) . Although photosynthesis and respiration rates are useful parameters in crop simulation models, information of gas exchange by itself reveals little about development of flower bud and quality of flowers. The aim of this study was to investigate the development of leaf area and flowers of rose shoots in response to various temperature conditions, especially when plants are subjected to a shift in temperature during flower development.
2.
Materials and methods Two-year-old 'Kardinal' plants were grown in one-gallon pots in UC mix containing sand, redwood sawdust and peat moss (1:1:1, v/v). The experiment was carried out at the Department of Environmental Horticulture at the University of California in Davis CA, from 20 June 1999 to 7 January 2000. Six constant and six varying temperature regimes ranging from 15°C to 30°C were used as treatments (Table 1 ). The temperature setpoints represent treatments; plants shifted from one temperature to another are indicated using two temperatures separated by a dash (e.g. 18-30). Plants were grown in the greenhouse then moved to the growth chamber for the experiment after a cut-back. The rose shoot developmental events were named as described in Pasian and Lieth (1994) . For varying temperature treatments, plants were moved from the first temperature to the second temperature at visible bud stage (VB). The plants were kept in the growth chamber until the flower becomes harvestable (HV).
The experiment was carried out over three periods, each with different temperature treatments: (1) from June to August 1999 for the temperatures of 18 and 30°C, (2) early September to late October 1999 for 21 and 27°C and (3) from late November 1999 to early February 2000 for 15 and 24°C. Plants were moved into the growth chamber for acclimation about a week prior to bud break (BB). The stage where a growing bud has reached a length of 10 mm was deemed as bud break (BB). Irrigation was done daily with half-strength Hoagland's solution. For 30°C, plants were irrigated twice per day.
Flowering shoots were harvested when the outer petals were erect (HV). Stem length was measured from the base of the shoot to the base of the flower. Leaf area was estimated nondestructively from leaf length using an empirical relation (data not shown). Leaf length was determined from the end of the petiole to the tip of the terminal leaflet. A high-pressure sodium lamp was used as light source, with a 15-hour photoperiod. Photosynthetic active radiation (PAR) was approximately 300 -500 µmol m -2 s -1 . Plant location and distance from the lamp was adjusted every 4-5 days to maintain the same light level and temperature at the shoots. There was a temperature difference of ±2-3°C between day and night time in 15°C treatment due to the heat emitted from the lamp. The developmental stage of the shoots was checked daily. After VB, bud diameter was measured every day. During the growing period, flower bud dry weight was estimated nondestructively using an empirical relation with bud diameter (R 2 =0.961; data not shown). Temperature data were collected using electronic dataloggers. During the experiment, daily mean air temperature was uniform (Table 1) .
At harvest the leaf area, flower dry weight and diameter at the middle of the stem were measured; flower dry weight was measured after drying for 3 days at 80°C.
Results
The length of the shoot development, measured as days, generally decreased as mean air temperature increased ( Table 2 ). The number of days from bud break in 15°C was 63, about 3 times of that in 30°C.
In the varying temperature treatments, the number of days from VB to HV was almost identical to the treatment that maintained the same temperature constantly from BB to HV as the second temperature of the varying temperature treatment. For example, when the plants were moved from 21 to 27°C at visible bud stage, the number of days from VB to harvest was 9.6 days, and it was 9.8 days for constant 27°C. However, when plants were moved from high to low temperature (i.e., 24 to 15°C, 30 to 18°C), the number of days to flower decreased by one or two days compared with the constant temperature of the second period. The number of leaves per shoot was around 14, not affected by temperature (Table  3) . Stem length, diameter and leaf area decreased with increasing temperature (Table 3) . The best quality of the shoot, however, was observed at 18°C.
Maximum mean leaf area was found at 18°C. Variation within treatments was high for leaf area. In the varying temperatures, leaf area was increased when moved to lower Flower fresh and dry weights decreased with increasing temperature (Fig 1) . Mean flower dry weight at 15°C was 3 g while at temperatures above 24°C it was less than 2 g. Flower growth rate, on dry matter basis, was highest between 18° and 21°C (Fig 2) .
Discussion
The number of days from bud break in 15°C was about 3 times of that in 30°C. The similar results have been reported by Moe and Kristoffersen (1969) that the number of days from cut-back to flower increased with decreasing temperature.
We found that the number of days from VB to HV in varying temperature were almost the same as the constant temperature treatment of the second period. It appears that the number of days to flower from VB depends primarily on the temperature during the later period rather than the period prior to VB.
The number of leaves per flowering stem was not affected by temperature (Table 3) . Marcelis-van Acker (1994 , 1995 reported that the number of leaves is determined during the axillary bud formation and most of leaves differentiated during the development of the parent shoot. In our study, the plants were grown under the same environmental condition in the greenhouse until a week prior to BB where they were moved to the growth chamber. As a result, the plants probably formed the same number of leaves before receiving the treatments.
The best quality of shoots, in terms of stem length, diameter and leaf area, was obtained at 18°C (Table 3) . Moe and Kristoffersen (1969) also noted that the best quality occurred at 18°C.
There was large variation in leaf area per stem even at the same temperature. These variations are probably caused by the conditions of mother plant or shoot. Marcelis-van Acker (1994) reported that stem diameter was closely related to pith diameter that had influences on the accumulation and distribution of stored substances like starch and sugars, and the potential diameter of pith was determined by the number of cells produced at the axillary bud stage.
The relationship of both flower fresh and dry weight with temperature (Table 3 ) agreed with the results reported by Fisher (1999) . Increases in the dry weight at lower temperature may be due to the increased number of days to flower and decreased dark respiration rate in response to low temperature (Khayat et al, 1988) . The number of days from VB to HV at 15°C was 3.4 times longer than 30°C. Dry weight at 15°C was more than 4 times higher than at 30°C. Increased carbohydrate consumption by the respiration through various parts (i.e., roots, flower buds and leaves) may be responsible for the decrease in flower dry weight at higher temperatures. High evapotranspiration rate at high temperature could be another factor affecting the decrease in flower dry weight. Jiao and Grodzinski (1998) reported that the photosynthesis rate and concurrent carbon export from leaf at 15°C and 40°C was significantly lower than at 25°C. It was, however, not clear whether the export was toward flower bud or the other plant part. Moe and Kristoffersen (1969) reported that the decrease of flower dry weight at high temperature was related to fewer and smaller petals. Byrne et al. (1978) also reported the great increase in the number of petals at low temperature. We observed that the number of petals at 30°C was approximately 14-15. Moving plants from 30°C to 18°C at VB resulted in an increase of 120% in dry weight (1.51g), compared with plants that stayed at constant 30°C (0.69g). The number of petals would be similar for both cases since it had been determined during the early stage of shoot development (Horridge and Cockshull, 1974; Moe and Kristoffersen, 1969) . Therefore, it can be considered that the increase in bud weight in varying temperature resulted from the increased petal size. On the other hand, when this dry weight was compared with that at constant 18°C (2.27g), the difference seems to come from the difference in number of petals. Jiao and Grodzinski (1998) reported that the higher export rate of assimilates would be due to the development of leaf laminar tissues and the increased sink strength as a result of the development of flower bud. Perhaps the increase in dry weight at low temperature is related to increased sink strength in response to the large number petals, and due to the increased leaf area and greater number of days to flower.
This work is the starting point for the development of a model relating the dynamic changes in flower bud expansion rate in relation to daily variations in temperature. Such a model can be quite useful to growers to assist with minimizing energy usage for greenhouse cooling when trying to increase flower bud size at times of hot weather when the reduction in flower size can render them unsalable. During hot humid weather, greenhouse growers are frequently unable to keep temperatures below 25°C and thus loose flower head size as shown in this study. Recovery from this appears to be feasible but requires substantial cooling. Thus growers will need to cool to an extent that rescues the crop while minimizing the resulting energy costs. Temperature ( 
